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Abstract

Melting kinetics of polymer crystals has been examined experimentally by calorimetric methods utilizing the combination of a conven-
tional differential scanning calorimetry of heat flux type (CDSC-HF) and a temperature-modulated DSC (TMDSC). The superheating effect
in the kinetics has been discussed based on a modeling of the melting kinetics. For low-density polyethylene and linear polyethylene, the
melting rate showed nearly linear dependence on the degree of superheating, which indicates the kinetics controlled by heat diffusion or by
surface kinetics on rough interface. For isotactic polypropylene, poly(ethylene terephthalate) and poly(e-caprolactone), the dependence is
non-linear and close to the limiting case of exponential dependence, which indicates nucleation-controlled kinetics of melting. A possible
mechanism of the activation process in the melting kinetics has been discussed in consideration of the specific feature of polymer crystals far
from its most stable state. The consistency of the results of CDSC-HF and TMDSC has been confirmed by this analysis with a calibration of
peak temperature for the instrumental thermal delay in CDSC-HF. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Endothermic peak in the melting region of polymer crys-
tals shows a complicated behavior in its heating rate depen-
dence [1]. For slow heating rate, the peak temperature
increases with lowering heating rate, but for faster heating
rate, it increases with increasing the rate. In this behavior,
the dependence with slow heating rate is supposed to be
caused by recrystallization and/or reorganization which
shift melting point to higher temperature. Recrystallization
and reorganization are slow processes compared with melt-
ing, and hence those processes are more effective with slow
heating rate. Therefore, crystals become more perfect (and
thicker) and increase melting peak temperature with slower
heating rate. On the other hand, for faster heating rate, those
processes are not well advanced before crystals melt, and
hence the increase in melting temperature is less
pronounced. Under the condition, if the melting is not
instantaneous, the peak temperature will shift to higher
temperature with faster heating rate. This behavior is called
superheating because the crystals are in a temperature above
the melting point. For example [1-4], with extended chain
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crystals, recrystallization or reorganization does not occur
and the melting peak temperature shows a significant
increase with faster heating rate. In the present paper, we
discuss the superheating effect observed with a conventional
differential scanning calorimetry (CDSC), based on a
modeling of the melting kinetics to clarify the characteristic
mechanism in polymer crystals. The results of CDSC are
also examined in terms of its consistency with the results of
‘periodically modulated driving force’ [5—17] applied by a
temperature modulated DSC (TMDSC) [18-23]. On the
basis of those results, we discuss the possibility of nuclea-
tion-controlled process of melting in polymer crystals.
TMDSC applies a periodic modulation in temperature to
a linear heating (or cooling) and examines the response in
heat flow to determine the heat capacity from the modula-
tion components of temperature and heat flow [18—23]. In
the melting region, the melting kinetics responds to the
modulation in temperature, and hence the heat capacity
becomes an apparent one including the response of latent
heat. When the transition temperature distributes over a
broad temperature range, as in the case of the melting region
of polymer crystals, with the periodic modulation to the
linear heating we can attain a steady response of the system
as a total sum of the response of the melting kinetics of each
crystallite. Therefore, the melting kinetics can be analyzed
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with the Fourier analysis of the response, which is applied to
determine the heat capacity from the modulation compo-
nents. By examining with different modulation frequency
covering the characteristic time, 71y, of melting of each
crystallite, the apparent heat capacity shows a frequency
dispersion, from which we can determine 71y [10—15].

The characteristic time, Tty, characterizes the quickness
of melting transition of each crystallite. The rate of first-
order transition, in general, is a function of the distance
from transition temperature, AT, namely the degree of
superheating in the case of melting. With faster heating
rate B, AT becomes higher in a shorter time interval, and
hence the characteristic time of melting, 7y, becomes
shorter. The dependence of 71\ on the underlying heating
rate, 3, is therefore determined by the dependence on AT of
melting rate, and hence AT dependence of melting rate can
be evaluated from the B dependence of 71y. We have
applied this analysis of periodically modulated driving
force to the kinetics of crystallization [5-9], melting [10—
15], solid-state transition [16], and chemical reaction [17] of
polymeric systems. We have successfully shown that the AT
dependence of transition rate or the activation energy of
chemical reaction is obtainable by this method. The char-
acteristic time, Ty, in the melting region must be related
with the superheating observed by CDSC, and an approach
based on this expectation has been made by Schawe and
Strobl [24]. In the present paper, we discuss the relationship
in a quantitative manner.

It is known that a pure metal standard such as indium,
which is supposed to melt at a single transition point with
negligibly small superheating, also exhibit the increase in
peak temperature and onset temperature with faster heating
rate. This behavior must be an apparent shift due to instru-
mental delay determined by the thermal contact between
sample pan and the monitoring station of sample tempera-
ture. Therefore, it is required to evaluate the apparent shift
to discuss the true shift caused by superheating in the melt-
ing region of polymer crystals. There has been an empirical
method of temperature calibration using the onset tempera-
ture of melting of standard materials at the respective heat-
ing rates [25]. However, the apparent shift due to
instrumental effect of the peak temperature in the melting
of polymer crystals depends on the peak height and the slope
[26], and hence the shift cannot be fully calibrated by this
method. Danley and Caulfield of TA Instruments [27]
recently proposed a method to construct the heat flow and
sample temperature from the temperature data at the moni-
toring station and at the heat source with the instrumental
coefficients pre-determined by a standard sample. With this
method, true heat flow from the sample can be plotted
against true sample temperature, and hence the instrumental
thermal delay is automatically calibrated by this procedure.
In the following, we apply this procedure to examine the
heating rate dependence of melting peak temperature of
polymer crystals.

To see the superheating effect in the melting of polymer

crystals, it is also necessary to avoid recrystallization and
reorganization. In order to do this in the present analysis,
samples are annealed near the melting temperature to
increase the perfection (and thickness) of crystals and mini-
mize the change in melting point on subsequent heating run.

In the following, we firstly discuss the apparent shift
caused by the instrumental delay, based on the Mraw’s
model [28] of DSC of heat flux type (CDSC-HF). Then,
we discuss the heating rate dependence of the melting
peak with a modeling of the melting kinetics and examine
the relationship between the degree of superheating deter-
mined by CDSC-HF and the characteristic time obtained by
TMDSC. The analysis is examined experimentally with
isotactic polypropylene (iPP), low-density polyethylene
(LDPE), linear polyethylene (PE), poly(ethylene terephtha-
late) (PET), and poly(e-caprolactone) (PCL), showing
different AT dependences of melting rate.

2. Modeling
2.1. Modeling of CDSC-HF

In a conventional DSC of heat flux type (CDSC-HF), the
temperature at a heat source is controlled and the sample
temperature is detected at the monitoring station which has a
close contact with the sample. Following the Mraw’s model
[28], DSC of heat flux type is modeled by heat transfer
coefficients and the heat capacities of those parts shown in
Fig. 1. The equations describing the heat flow in terms of
sample side are expressed as follows:

dT,
Cs_h = Kl(Tm - Ts) +F (1)
dr
dT,,
o™ = Ki(T, = T) + Ko(Ty — Ty) @)
T, =Ty + Bt 3)

where T, T, and T}, represent sample temperature, tempera-
ture of monitoring station, and temperature of heat source,
respectively, and C; and C,, are the heat capacity of
sample + sample pan and the heat capacity of monitoring
station, respectively. The temperature of heat source is

Fig. 1. Schematic representation of the Mraw’s model describing a DSC of
heat flux type for the sample side; Ty, T, and T represent the temperatures
of the heat source, monitoring station and sample, respectively. The
Newton’s law constants of heat transfer between the heat source and the
monitoring station and between the monitoring station and the sample are
K, and K, respectively. The heat capacities of the monitoring station and
sample + sample pan are represented as C,, and C;, respectively.
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controlled to be heated up at the constant rate, 3. The heat
transfer coefficients between heat source and monitoring
station and between monitoring station and sample are
represented as K and K, respectively. Finally, absorbed
or released heat flow on transformation is represented by
F with negative sign for endothermic process.

The calibration method proposed by Danley and
Caulfield [27] is based on the Mraw’s model. By determin-
ing the instrumental coefficients with a standard sample, the
sample temperature, T;, and heat flow, F, is calculated from
the obtainable data of the temperature at the monitoring
station, T},, and that of heat source, T}, with Egs. (1)-(3).
The method described below is essentially the same as the
one proposed by Danley and Caulfield. The difference is on
the details of the determination method of the instrumental
coefficients and on the determination of 7;, utilizing T}, in the
present method.

When applied to the melting of a pure metal such as
indium with negligible superheating and negligible change
in C; on melting, the solutions are obtained for three
separate stages before melting (¢t < fy,,), during melting
(tsare < t < tonq), and after melting (f.,q < #) [29]. Before
melting the sample temperature undergoes linear heating,
during melting the temperature of sample pan is kept at the
melting point, and after melting the temperature returns to
linear heating with a relaxation time due to instrumental
time constants (Fig. 2a and b);

for t < tyun,

C C,+C
Ty =Ty +Bt—Bl— + u) 4
s = Top + B B( K, X, 4)
C, +Cp
T :T0b+Bt_IBT (5)
0
for ty <t < topg,
C; C, +Cp
Ty =Ty = To, + Bstan — B(E + To) (6)
C
Tm2 = TM + B—g + aAt2
K,
K 7K0+K1 .
+—— _BCu1-c @ 7
(Ko + K1)
A1‘2 =1~ Ly (®)
Ky
= —— 9
&K ®
where Ty, represents the melting point,
and for 7,y < t,
C, C,+C _
Tag=Typ+Bt—pl->+ =22 m>+ A
s =Tw*+ B B( K, X, ae
+ a, e A5 (10)
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Fig. 2. A numerical calculation of Egs. (1)—(3) to simulate the melting of
indium: (a) T, (thin line), T}, (thick line), T, (broken line) and T},; (dotted
line), and (b) Ty, — Ty- In (c), the heat flow on transition, F, (@) was
reconstructed from 7}, T}, and 7, with Eq. (1) and plotted against 7. The
full line in (c) represents Ky (T, — T,) plotted against T,,, which corre-
sponds to the output heat flow signal of CDSC on transition. In (c), the
intersection point of dotted line with zero line defines the onset temperature,
T, of Eq. (15). For the kinetics, a melting rate coefficient of R with a =
10> landy=11in Eq. (16) was assumed for the single melting point.
Heating rate was 10 Kmin~' and the coefficients in Egs. (1)-(3) were
C,=25mIK7}, Cp=40mJK™", Ko=13.7mWK™! and
K; =24 mW K~', assuming nitrogen purge gas. Sampling interval was
0.2s.

Cc.+C B )
Tm3 = T()b + Bt — B% + bl e A AR + bz e At
0
(11)
Aty = 1= feng (12)

where A and A, are the solutions of the following equation
0 <A <Ay,

po(B kLK), Kk

L

cCo 0 (13)
and ay, ay, b; and b, are constants determined by the conti-
nuation of T, and T,.

The instrumental effects appear in the heating rate of
monitoring station, «, during melting (Fig. 2a), the relaxa-
tion time, 7, = 1/A;, which characterizes the recovering
process of temperature to linear heating after the melting
(Fig. 2b), the integration of the deviation of T}, from linear
increase, which corresponds to the change in total enthalpy
on melting (Fig. 2b), and the heating rate dependence of
‘onset’ temperature of melting, 7o', defined by the inter-
section of the extrapolation of the linear increase in heat
flow on transition (Fig. 2c). The integrated heat flow is
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represented as,

Tend ©

Kof [ e = Taar+ [ (s = e} = a1, 1)
Lstart lend

where AH; represents the total change in enthalpy. The heat-

ing rate dependence of onset temperature is expressed as,

T =Ty + 3(% + 71(0%1(1 ) (15)
Utilizing the expressions of Egs. (9), (13)—(15), the instru-
mental coefficients, Cp, K, and K;, can be determined
experimentally.

With the instrumental coefficients and the heat capacity
of sample + sample pan, C,, pre-determined by TMDSC
with a standard method, it is possible to deconvolute the
instrumental effect by calculating the sample temperature,
T, and the heat flow on transition, F, from the experimental
data of temperature at the monitoring station of sample side,
T, following Egs. (1)-(3), as follows. Firstly, if the
temperature data of heat source, Tj, is not available as in
the case of DSC 2920 (TA Instruments) used in the present
experiments, Ty, of Eq. (3) can be reconstructed from the
data of T,,; with Eq. (5) for the stage of t < 7y,,. Then, T} is
determined from T, and T}, with Eq. (2), and F from T,,, T},
and T with Eq. (1). Fig. 2c shows an example for the sharp
transition, which should have a single peak at the transition
point when plotted against sample temperature, 7.

2.2. Modeling of melting kinetics of polymer crystallites

2.2.1. CDSC-HF

We model the melting kinetics of polymer crystallites by
the simplest kinetic equation of the change in crystallinity,
¢, with a rate coefficient, R, dependent on superheating, AT,
as follows,

? — —RAT)() (16)

R(AT) = aAT’ (17)

where a and y are constants. The equation is easily
integrated under the condition of linear heating with the
rate of 3, as follows,

At y+1
S(Ar > 0) = ¢0<TM)exp[—(T—) ] (18)
11
=+ DTa g (19)
_ y
s (20)

where Ar =t — 1, with T, = Ty at t = 1, and ¢(Ty;) repre-
sents the distribution function of melting points, Ty. Here,
7. defines the mean time of melting of each crystallite on
heating and the heating rate dependence of 7.(8) expressed

by the power, —x, is determined by the power, y, of the AT
dependence of melting rate coefficient expressed as Eq. (17).

The endothermic heat flow on melting, F, is in proportion
to the change in total crystallinity, @, which is given by the
convolution of the kinetics with the distribution function of
melting points, as follows:

(1) = j: dTM¢o(TM>exp[ —(f)y+1 ] @1

C

d
F(i) = AH; - (1) (22)

The characteristic time, 7., can be determined from the shift
in peak temperature, AT, due to superheating effect with
different heating rate, 8. From the results of a numerical
calculation shown in Fig. 3, it is seen that the following
relationship among them is approximately satisfied

ATy = TF(B) — T**(0) = Br, o< (23)

= 1—x (24)

The correction factor, ATg,;/B7,, is shown in Fig. 3b; the
relationship strictly holds for the limiting case of z— 0
(y — o) because ¢(Af) becomes a step function with a
sudden change at At = 7.

Before applying this relationship in order to analyze the
peak temperature obtained by CDSC-HF, we need to
deconvolute the instrumental effect described by Eqgs. (1)—
(3) with the instrumental coefficients determined by the
melting of indium.

(@)

05 -

0.0 -

|Og (ATShift , B te /K)

0.95

ATshife / B ¢

Fig. 3. A numerical calculation of Eqs. (21) and (22) for the relationship
among the shifts in peak temperature, ATy, the characteristic time, 7., and
heating rate, 8. The symbols represent the results for y =1 (O), 2 (A), 3
(@), 4 (V),5(C), 6 (@), and 7 (A). The straight lines in (a) represent BT,
calculated from Eq. (19) for the respective values of y. In (b), the correction
factor, AT,/ BT, for the expression of Eq. (23) is plotted against z. Heat-
ing rate was taken as 0.2, 0.8, 3.2, 12.8, and 51.2 K min~" and the coeffi-
cient, a, in 7. of Eq. (19) was chosen to set 7, = 120 s at 8 = 0.2 K min .
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2.2.2. TMDSC [10,11,13]

In the method of periodically modulated driving force, we
apply a periodic modulation in sample temperature in
addition to linear heating in order to see the frequency
dispersion determined by the response of melting kinetics
to the modulation in superheating. The frequency dispersion
appears in the apparent heat capacity determined from the
modulation components of temperature and heat flow
obtained by TMDSC. Applying an appropriate calibration
of the instrumental effects [14], the true response of the
transformation kinetics can be determined. It has been
confirmed that the frequency dependence can be roughly
approximated as a frequency response function of Debye’s
type, as follows,

|F/B|

A\’ _iD‘EAV’—'AV”E +
Ce C' —iAC C, 7l+inTM(B)

(25)

where F represents the mean endothermic heat flow on
melting, which is obtained from ‘total’ heat flow, which is
determined by averaging modulated heat flow over one
period. With the expression of Eq. (25), the response of
the kinetics for the limiting case of instantaneous transition
(o7 < 1) appears in the real part of the apparent heat
capacity because the transition follows the change in
temperature without delay and the heat flow is indistinguish-
able from the heat flow with true heat capacity. On the other
hand, for the limiting case of slow transition (wrry > 1)
the response is controlled by the transition rate which is a
function of AT and out of phase from the time derivative of
modulated temperature, and hence the response appears in
the imaginary part of the apparent heat capacity.

The time constant, 71y, as well as 7. characterizes the
quickness of the kinetics; 7. represents the mean residence
time in the state of superheating and determines the degree
of ATy, related to the position of the peak in ¢, while 7y
corresponds to the width of the peak, namely the mean time
required from the onset of transition until its completion,
and determines the modulation in heat flow, which is in
proportion to ¢. The difference between them becomes
larger for stronger dependence of R on AT (larger y), as
shown below, because of longer induction time (longer 7.)
and sudden increase in R (shorter 7ry) for the stronger
dependence. The dependence on underlying heating rate,
B, of Ty is the consequence of earlier completion of
melting with faster heating rate because of faster increase
in superheating. Therefore, the dependence is determined by
the superheating dependence of the melting rate coefficient,
R(AT). Numerical calculation for different types of AT
dependences of R given by Eq. (17) suggests that the follow-
ing relationship holds between 7. and 71y,

T —p+1) (26)
™™

This result means that the characteristic time, 7y, obtained
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Fig. 4. Apparent heat capacity obtained by TMDSC in the melting region of
PE. The underlying heating rate was 0.8 Kmin~' and the modulation
period was 13, 17, 22, 28, 36, 47, 60, 78 and 100 s. Sample was 1.14 mg
in weight and 44 pm in thickness.

by TMDSC has the following expression,

.y 1
M =@+ 1) ¥la yHI g 27)

The characteristic time, 71y, can be determined from the
frequency dependence of the apparent heat capacity based
on the expression of Eq. (25). Figs. 4 and 5 shows a typical
example of the frequency dispersion in the melting region of
polymer crystals. From the peak frequency seen in Fig. 5b,
the characteristic time is determined as Ty = 1/@peqc, The
characteristic time can also be determined from the
asymptotic behavior of Eq. (25) expressed as follows for
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Fig. 5. Frequency dependence of the complex heat capacity shown in Fig. 4
at the peak temperature. The full lines in (a) and (b) represent analytical
solution for the linear dependence on superheating of melting rate, R oc AT,
and the dotted lines are for the exponential dependence, log R oc AT, which
corresponds to the limiting case of y — co. The asymptotic behavior of
Eq. (28) is shown in (c).
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oty > 1 (Fig. 5d),
AC" 1

W - OTTM @9

3. Experimental

A DSC 2920 Module controlled with Thermal Analyst
2200 (TA Instruments) was used for all measurements.
Helium or nitrogen gas with a flow rate of 40 ml min "
was purged through the cell. Reference pan was removed
in all experiments [30].

The polymer samples were thin films, the thickness of
which was less than 100 wm in most cases. The character-
istics of samples are the following: isotactic polypropylene
@iPP, Sun Allomer Ltd, M,, = 9.0 X 10* and the isotactic
pentad fraction of [mmmm] = 99.2%), low-density poly-
ethylene (LDPE, NIST SRM1473), linear polyethylene
(PE, NIST SRM1475, M,, = 5.2 x 10" and M, /M, = 2.9),
poly(ethylene terephthalate) (PET, Toyobo Co., Ltd.,
M, =25X 10%), and poly(e-caprolactone) (PCL, Scientific
Polymer Products, Inc., M, = 3.0 X 10%). Samples were cut
into the shape of a disk to fit the interior of sample pan in
order to avoid the deformation of the aluminum pan on
crimping, namely to minimize the change in the coefficient
of the thermal contact between the bottom of sample pan
and the monitoring station, K. The samples in an aluminum
pan were melted, crystallized and annealed close to the
melting temperature. The details of the conditions are the
following; (1) iPP was melted at 200 °C, crystallized at
110 °C for 10 min, and annealed at 165 °C for 2 h, (2)
LDPE was melted at 140 °C, crystallized by a rapid cooling
of B =20 Kmin ' to 20 °C and annealed at 103 and 90 °C
for 24 h each time, subsequently, (3) PE was melted at
150 °C, crystallized by a cooling of 8= 10 Kmin~' to
100 °C, and annealed at 130 °C for 3 h, (4) PET was melted
at 280 °C, crystallized at 225 °C for 1 h, and annealed at
255 °C for 2 h, (5) PCL was melted at 120 °C, crystallized
by a rapid cooling of 8 = 20 K min ' to 20 °C, heated up to
57 °C, which was above one of the double melting peaks,
and then annealed at 50 °C for 1 week. It has been confirmed
that the annealing with longer interval than the above does
not change the heating rate dependence of melting peak
temperature even with the slowest heating rate, and hence
recrystallization and reorganization will be negligible under
the present conditions (>0.2 K min ).

With CDSC, the melting behaviors of those samples were
examined at the heating rate of 0.2—40 K min ' with the
sampling interval of 0.2 s. With TMDSC, the rate of under-
lying heating rate was in the range of 0.2—1.6 K min~".
Sinusoidal temperature modulation was applied with the
modulation period in the range of 10—100 s and the ampli-
tude satisfying ‘heating only’ condition, d7,,/dt > 0. For
the correction of the magnitude of complex heat capacity
obtained with TMDSC, the calibration coefficient has been

adjusted for the data outside the transition region.
Concerned with the phase angle, a baseline has been chosen
to set the phase angle to zero degrees outside the transition
region. This calibration is justified for relatively small peak
of the apparent heat capacity, the condition of which is
satisfied with the small mass of sample for the melting of
polymer crystals. The difference of the results with this
calibration and more accurate one [14] based on Hatta’s
method [30] was less than 10%. The condition of (quasi-)
steady response of transition kinetics has been confirmed by
plotting Lissajous diagram of the modulation components of
heat flow and temperature for two or three cycles of the data
having a closed loop.

4. Results
4.1. Melting of indium

Fig. 6 shows a typical temperature change at the monitor-
ing station of sample side. Utilizing Egs. (9), (13)—(15), the
instrumental coefficients, C,, K, and K, have been deter-
mined from the heating rate, o, during the melting, the
relaxation time, 7., which has been determined from the
plot shown in Fig. 6c, the integrated area of the peak in
Fig. 6b, and the onset temperature, T "'. In the calculation,
we utilized the value of heat capacity of sample + sample
pan, C;, determined from TMDSC with a standard method.
The instrumental coefficients optimizing the experimental
results with 8=0.2, 2, 10, 20, 30 and 40K min !
are summarized as follows: C,=40m] K}

159 [~ (a) —

| ]

T /C

o y _

156 - -

" (b)

0.5 |- -

Tmi-Tm /K

0.0

log (Tm1-Tm 7K)

L A
0 50 100
time /s

Fig. 6. Temperature change at the monitoring station of sample side, 7}, in
the melting of indium on heating at 8 = 2 K min ' under helium purge gas:
(a) T, (thick line) and Ti,; (dotted line), (b) T,y — Ty, and () log(Ty, —
T,n)- In (c), the slope of the dotted line determines 7,.. The sample mass was
22.84 mg.
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Fig. 7. The results of deconvolution of the instrumental effect in the melting
of indium: plots of heat flow on transition, F (@), against time in (a) and
against Ty in (b) for the heating rate of 10 K min ' under nitrogen purge gas.
Full lines in (a) and (b) represent the output heat flow signal of CDSC,
plotted against time in (a) and T}, in (b); the heat flow is determined from
the difference of temperatures of the monitoring stations at the sample and
reference sides. In (c), the peak temperature of F, TP (filled symbols) and
the onset temperature of the output heat flow signal of CDSC, 7™, (open
symbols) are plotted against the heating rates of 0.2, 2.0, 10, 20, 30 and
40 K min~" for nitrogen (O, @) and helium (A, A) purge gases. Sampling
interval was 0.2 s and sample weight was 22.84 mg.

Ky =24mW K ' and K; = 96 mW K" for helium purge
gas and C,=40mJK™', K,=13.7mWK ' and
K; =24 mW K™! for nitrogen purge gas. The difference
in the thermal conductivity of those purge gases appears
as the difference in the coefficients, K, and K.

With the instrumental coefficients, it is now possible to
deconvolute the instrumental effect by the above mentioned
method. Fig. 7 shows the typical result of deconvolution. In
Fig. 7b, it is clearly seen that the apparent shift in the melt-
ing peak due to the instrumental effect is successfully
deconvoluted and the sharp peak at the melting point has
been reconstructed. As seen in Fig. 7c, the deviation of the
peak temperature from the true melting point (156.6 °C) was
less than 0.2 K even for the fastest heating rate of
40 K min~" irrespective of the choice of purge gas; the
deviation will be caused by the thermal contact between
indium and aluminum sample pan. It is also noted that the
tail of the peak in F seen in Fig. 7b will also be due to the
thermal contact and long interval of sampling time (0.2 s),
as can be seen in the numerical calculation in Fig. 2c.

Temperature /C

0.006 T T T T T LI

0.004 =

0.002 —

Heat flow / W

0.000 ¢ 2
| | | | | 1

168 170 172 174 176 178
Temperature / C

Fig. 8. A typical example of deconvolution of instrumental effect from the
data of Tj, in the melting region of iPP crystals at the heating rate of
7.0 Kmin~'. In (a), T} (thin line) and T, (broken line) were calculated
from T, (thick line) with Egs. (2), (3) and (5). In the calculation, the heat
capacity of C, = 25.2 mJ K~' was utilized from TMDSC analysis with a
standard method. In (b), the deconvoluted heat flow, F, (thick line) on
melting is reconstructed from 7, Ty, and 7 with Eq. (1) and plotted against
T,. The thin line in (b) represents the output heat flow signal of CDSC
plotted against T,

4.2. Melting of iPP

Fig. 8 shows typical experimental data in the melting
region of iPP crystals well annealed near the melting region
beforehand. The deconvolution of the instrumental effect
has been done to the data of temperature at the monitoring
station, T}, following Egs. (1)—(3). In the deconvolution, we
neglected the temperature dependence of the instrumental
coefficients and utilized the values determined with the
melting of indium at the melting point (156.6 °C); the
temperature dependence is known to be small [14] and
the changes in the values do not introduce significant error
in the deconvolution.

Fig. 9 shows the heating rate dependence of melting peak
temperature of iPP crystals. Fig. 9a shows the comparison of
the calibration results of the present deconvolution method
and of the conventional method with the onset temperature
of the melting of indium. It is clearly seen that the estimated
degree of the apparent shift due to instrumental delay is
actually different for those methods. The apparent shift
due to the instrumental effect depends on the choice of
purge gas giving different thermal contact between sample
pan and monitoring station and on the sample mass
determining the peak height of the endothermic heat flow.
In Fig. 9c, it is clearly seen that the results of the present
method of deconvolution are not influenced by those effects
and confirm the applicability of this method.

In order to confirm the applicability, it is further required
to examine the influence of thermal conductance in the
sample, which produces temperature gradient and contri-
butes to the shift in the peak temperature. To see the effect
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Fig. 9. Heating rate dependence of melting peak temperature of iPP crys-
tals. In (a), the raw data of peak temperature, T2°%, (@) and the results of
deconvolution, 77 (O) are plotted against B for the sample of 2.22 mg
in weight and 95 pm in thickness under nitrogen purge gas. The symbol +
in (a) represents the calibration with the use of the heating rate dependence
of the onset temperature of indium melting shown in Fig. 7. In (b), the
results of deconvolution, 77, are plotted against ' (O), B*° (A), and
B%% (D). In (c), ATy, is determined from the linear fitting of 7P vs. %
such as shown in (b), and plotted against 8°>* for different sample mass/
thickness and purge gases of helium (open symbols) and nitrogen (filled
symbols): 0.36/17 (O, @), 1.15/55 (A, A), 2.22/95 (O, W), 3.35/
152 mg mefl (V, V). The symbol, <, in (c) represents ATy, determined
from 71y shown in Fig. 11 on the basis of Eq. (23) with the adjustable
parameter of 7./7qy to fit the straight line in (c).

in polymeric films, a thin film of iPP (15 pm thick) or
indium (15 pm thick) was placed on top of thicker PE
film (~130 pwm thick), in between two PE films (~60 pm
thick), and beneath the film (~130 wm thick), which is
molten in the melting region of iPP and indium crystals.
Because of the low thermal conductivity in the molten PE
film, the peak temperature of iPP and the onset temperature
of indium at the positions above the PE film and in between
two PE films were higher than the temperature when they
were beneath the PE film, and the difference increased with
faster heating rate, as shown in Fig. 10. However, the maxi-
mum difference of about 0.2 K with the fastest heating rate
of 40 K min ' was not appreciably large compared with the
total shift in peak temperature of iPP shown in Fig. 9b, and
hence it is concluded that the effect can be neglected with
film thickness less than 100 pm for the heating rate slower
than 40 K min ", It also needs to be mentioned that, depend-
ing on the thermal contact between the top surface of the
films and the cap of aluminum pan, the difference can be larger
for the place on top of thicker PE film than the place in between
two PE films and vice versa, as shown in Fig. 10a and b. It is
further noted that the thermal contact between the surfaces
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Fig. 10. The differences in (a) melting peak temperatures of iPP crystals and
(b) the onset temperatures of melting in indium plotted against heating rate
to see the effect of thermal conductance in a polymeric film. Melting of iPP
or indium was examined with a film of 15 pm thick placed on top of thicker
PE film of 130 pm (Ty,), in between two PE films of 60 pm (7y,,), and
beneath the film of 130 wm (7y,,). The differences, T, — T}, (®) and
T — Tmp (A), are plotted for nitrogen purge gases.

of the films and aluminum pan can also be the source for
necessary calibration. Applying silicone grease (Archer,
276-1372) between them resulted in the decrease in peak
temperatures less than 0.1 K, so that we have concluded that
the effect will be negligible for the examined heating rates.

After those considerations, the results of deconvolution
shown in Fig. 9a still shows a remarkable shift in peak
temperatures, which should be attributed to superheating
effect. As shown in Fig. 9b, it is apparent that the heating
rate dependence cannot be fitted with z =1 (R oc ATO) or
z=05 (Roc AT") but with z=0.23 (R oc AT*?), and
hence the dependence of R on AT must be non-linear. The
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Fig. 11. (a) The dependence on modulation period ( oc » 1) of the imagin-
ary part of the apparent heat capacity obtained by TMDSC at the peak
temperature in the melting region of iPP under helium purge gas at the
underlying heating rate of 0.2 (O), 0.4 (A), 0.8 (), and 1.6 K min~! (V).
(b) Logarithmic plots against underlying heating rate of the characteristic
time, Ty, chosen for the fitting shown in (a) with Eq. (28). Sample was of
2.22 mg in weight and 95 wm in thickness.
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Fig. 12. Typical examples of deconvolution of instrumental effect from the
data of Ty, in the melting region of (a) LDPE, (b) PE, (c) PET and (d) PCL
crystals: deconvoluted heat flow, F, plotted against 7 (thick lines) and the
output heat flow signal of CDSC plotted against Ty, (thin lines). The purge
gas was nitrogen. The sample mass/thickness and the heating rate are the
followings: (a) 2.3/97 and 10, (b) 1.1/44 and 7.0, (c) 4.0/100 and 10, (d) 2.3/
100 mg pm ™" and 10 K min~",

degree of superheating, ATy, in Fig. 9c gives the charac-
teristic time of 7, = 6.1370‘77 from Egs. (19) and (23). On
the other hand, Fig. 11 shows the results of TMDSC analysis
giving the characteristic time of 7y = 1.5,8_0'77. There-
fore, the agreement of the B dependence expected from
Egs. (19) and (27) is confirmed satisfactorily. The ratio of
the characteristic times, 7./7py = 4.0, follows the predicted
value of 7./7ry = 4.3 calculated from Eq. (26) with y =
3.3.

4.3. Melting of LDPE, PE, PET and PCL

Fig. 12 shows typical experimental data and the
deconvolution results in the melting region of LDPE, PE,
PET and PCL. Fig. 13 shows the heating rate dependence of
the melting peak temperatures in those polymers. In Fig. 13,
it is clearly seen that the raw data with nitrogen purge gas
shows stronger dependences on heating rate than those of
He purge gas because of lower thermal conductivity. After
the deconvolution of the instrumental effect, we can confirm
the agreement of the results with different purge gases of
nitrogen and helium. The agreement of the power, z, for the
results of CDSC (AT, Eq. (23)) and TMDSC (8 71w,
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Fig. 13. Heating rate dependence of melting peak of (a) LDPE (lower peak),
(b) LDPE (higher peak), (c) PE, (d) PET and (e) PCL plotted against 3%,
B3, g7 B3 and B respectively. The symbols represent the raw
data of peak temperature, T2, (open symbols) and the results of decon-
volution, 7P*, (filled symbols) for the data with nitrogen (O, @) and
helium (A, A) purge gases. The sample thickness was 100 wm for LDPE,
PET and PET, and 44 pm for PE.
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Fig. 14. Plots of AT determined from the linear fitting of 7P vs. B*
shown in Fig. 13. The symbols represent AT, for (a) LDPE (lower peak,
z = 0.40), (b) LDPE (higher peak, z = 0.33), (c) PE (z = 0.37), (d) PET
(z=0.15) and (e) PCL (z = 0.12) under nitrogen (®) and helium (A) purge
gases. The symbol, <, represents AT determined from 7y on the basis
of Eq. (23) with the adjustable parameter of 7./71y to fit the respective
lines.
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Fig. 15. The ratio, 7./71y, for LDPE, PE, iPP, PET and PCL determined
from the fitting of 71y shown in Figs. 9b and 14: LDPE (lower peak, O),
LDPE (higher peak, A), PE (0O), iPP (V), PET (+), and PCL ( X ). The full
line represents the relationship of Eq. (26).

Eq. (27)) is also confirmed by the linear fitting of the plots
shown in Fig. 14. Fig. 15 shows the ratio, 7./7r), for those
polymers determined from the fitting; the relationship
follows the prediction of Eq. (26) satisfactorily for the
power, y ~ 1.5-7.3 (z ~ 0.12-0.4), of those polymers.

5. Discussions

In the present paper, based on the modeling of superheat-
ing effect of melting kinetics, heating rate dependence of
melting of polymer crystals has been examined experimen-
tally for iPP, LDPE, PE, PET and PCL, which showed a
variation of AT dependence of melting rate and suited for
the purpose to examine the broad applicability of the present
approach.

In the analysis, we have firstly examined the apparent
shift in the melting peak temperature due to instrumental
thermal delay on the basis of the Mraw’s model of CDSC-
HF and determined the instrumental coefficients required
for the calibration by using the melting of indium. In
comparison to the calibration results for the onset tempera-
ture in the melting of indium and the peak temperature in the
melting of polymer crystals shown in Figs. 7c and 13,
respectively, it is clearly seen that the estimated degree of
the apparent shift due to instrumental delay is actually
different for the onset temperature and the peak temperature
because of the dependence on the peak height and its slope,
which is automatically taken into account in the method.
The empirical method of using the onset temperature of
standard material is therefore not justified for the calibration
of the peak temperature in the melting of polymer crystals.

The present method of deconvolution of instrumental
effect utilizes only the data of temperature at the monitoring
station of the sample side. If we make use of the difference
of temperatures at the sample and reference sides, as has
been done in CDSC-HF, a small time lag between those
data, which are amplified from the original signals by way
of different electric circuits, is unavoidable; hence the
deconvolution needs fine tuning of those data with smaller
interval of sampling time. On this point, refinement of the
instrument may be worth trying. On the other hand, only
with the data of sample side, signal to noise ratio of the

transition peak becomes worse with slower heating rate,
and hence the heating rate is limited to 8> 1 K min~' for
the practical purpose of deconvolution in the melting region
of polymer crystals. However, with slower heating rate, the
instrumental effect can be negligible, as seen in Figs. 9a and
13, and hence the disadvantage does not cause serious
difficulty in this method.

It is further noted that the temperature control of the heat
source in CDSC-HF is not influenced by the feedback of
sample temperature, and hence the deconvolution process
with Egs. (1)—(3) is straightforward. On the other hand, with
a DSC of power compensation type, the procedure is quite
complicated [31] because DSC of power compensation type
adjusts the output of a heater placed close to the sample to
control the temperature at the monitoring station under the
influence of the feedback of sample temperature especially
on transition. The present method of deconvolution will also
be more favorable than the method utilizing the information
about the slope and height of a peak [26] because we are free
from any assumption about the transition kinetics with the
present method.

Utilizing the instrumental coefficients determined by the
melting of indium, we have examined the melting behavior
of iPP with different purge gases and sample mass and
confirmed that the apparent shift in peak temperature due
to instrumental delay can be successfully eliminated. The
effect of thermal conductivity in the sample has also been
examined with iPP + PE and In + PE, and we have
concluded that this effect introduces the difference of only
0.2 K even with the fastest heating rate of 8 = 40 K min "
for thin samples with thickness less than 100 wm. After
excluding those apparent shifts, heating rate dependence
of the shift in peak temperature of iPP has been fitted with
the power of z = 0.23. The dependence indicates that the
power of 7. is x = 0.77 from Eq. (23), and the power is
consistent with the power of 71y determined by TMDSC
in terms of the relationship expressed by Egs. (19) and (27).
For other polymers of LDPE, PE, PET and PCL, the rela-
tionship has also been confirmed successfully. Concerned
with the absolute values of 7. and 71y, the experimental
results with iPP, LDPE, PE, PET and PCL follow the predic-
tion of Eq. (26), as shown in Fig. 15.

This type of approach to the AT dependence of melting
rate utilizing the heating rate dependence of peak tempera-
ture was originally recognized by Schawe and Strobl [24]
and Sohn et al. [32]. The present results confirm the applic-
ability of this approach after eliminating the apparent shift
due to instrumental delay. The applicability of the analysis
of TMDSC is also confirmed by the good agreement of the
results of TMDSC and CDSC-HF, based on the relationship
of Eq. (26).

Concerned with the AT dependence of the melting rate
coefficient expressed as Eq. (17), the power of 7. and Ty
suggests that the melting rate of iPP crystals depends on AT
with the power of y = 3.3. For LDPE and PCL, the power, y,
ranges from 1.5 to 7.3. Therefore, the dependences of
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different polymers showed a variety in the range from nearly
linear dependence to much stronger dependence, which
corresponds to an exponential dependence in the limiting
case. Among them, linear dependence can be explained by
the following two cases; one is interfacially controlled
growth without nucleation barrier and another is limited
by heat diffusion with the interfacial temperature kept at
the transition point due to the endothermic process of melt-
ing. Slower process between them controls the kinetics. In
both cases, melting rate is in proportion to the difference
between the melting point and the mean sample tempera-
ture, namely the degree of superheating, AT. The differen-
tiation of those processes is difficult, but may be possible if
we carefully consider the difference in the time develop-
ment of linear growth in the former case and ¢ behavior
in the latter. The examination of the details of the melting
kinetics needs morphological information especially on the
growth interface, which will certainly require further
investigation with microscopy.

Non-linear dependence on AT of the melting rate coeffi-
cient indicates an activation process such as nucleation.
Melting kinetics is usually supposed to be free from activa-
tion barrier because crystals can start melting from the
corners without nucleation. However, because of the follow-
ing reason, melting of polymer crystals can be an excep-
tional case. Firstly, we have to recognize that polymer
crystals are not in the most stable state, in which chains
must be extended. With chain folding, the melting point is
therefore determined by the balance between the bulk free
energy difference of crystalline and molten states and the
excess surface free energy mainly attributed to the excess
energy of chain folding. The relationship known as
Gibbs—Thomson effect [1] is expressed as

Ahe (0

where £ represents the lamellar thickness, Ak, represents the
heat of fusion per unit volume, and Ty is the equilibrium
melting point of an extended chain crystal. With the excess
surface free energy, o., the non-equilibrium melting point,
Ty, can be much lower than the equilibrium melting point.

Secondly, for the crystals grown from the melt, we know
that the chains are not always folded back to the adjacent
stem because the interpenetrated random coils in the molten
state are only weakly perturbed by the crystallization
process [33]. Therefore, we expect a large fraction of long
loops of chains connecting non-adjacent stems in the same
lamella or neighboring lamellar crystals. For those stems,
some stems are more stable than others, and the drop of
melting point expressed by Eq. (29) will be different for
each stem with the variation in the excess free energy, o,
at both ends. It means that, even if melting can start from the
corners of a crystal without nucleation, the melting interface
cannot be always propagated through those stems with a
distribution of melting points in a single lamellar crystal.

On the other hand, it is probable to initiate melting spora-
dically at those stems with lower melting points in the
interior of the lamellar crystal. The process will create
melting interface surrounding the stems, so that it needs to
be thermally activated as a nucleation process.

Assuming nucleation-controlled transition with a two-
dimensional nucleus, valuable information about the
kinetics can be obtained from the melting rate coefficient
in the following way. Firstly, for the transition kinetics
controlled by primary nucleation, the rate coefficient of a
cylindrical nucleus with the interfacial free energy at the
side surface, o, will be expressed as [34],

K
R = R(T, -

o(oes( 57 (30)

’n'zeazT&

kg AR T, (3D
AT, =T, — Ty (32)

where R, represents a pre-exponential factor weakly depen-
dent on temperature and kg is the Boltzmann constant. If we
can neglect the change in the absolute temperature, T,
compared with the change in AT, the coefficient, K, is
supposed to be constant.

The dependence of R on AT, can be approximately
expressed as an exponential dependence. For the exponen-
tial dependence, the characteristic time, 7ty is expressed as
[10,11],

log R oc cAT, (33)

v = (cB) ! (34)

With the following relationship, the coefficient, K, of
Eq. (31) can be determined from the coefficient, ¢, in 71y
of Eq. (27) experimentally,
ddogR) _ K
c= —- =
dr AT?

(35)

If we compare the expression of Eqs. (27) and (34), it is
apparent that the application of this procedure requires the
confirmation of the power of x = 1 which corresponds to the
limiting case of y — oo for the AT dependence of R in Eq. (17).
For PCL and PET, the power, x, is close to 1, and hence
the application will be justified. For iPP, PE and LDPE with
x < 1, the coefficient, K, is overestimated, but the rough
estimate of the coefficient will be made by this analysis.
In the expression of K, we can estimate the unknown
parameters of the product of surface free energy and lamel-
lar thickness, o>€ with the known values of Tl?,[ and Ahg
[35-37]. Fig. 16 shows the results of this analysis at the
peak temperature, T, = TP*(B), with Ty = T7°*(0) in
Eq. (32); the interfacial free energy in Fig. 16c is scaled
by the heat of fusion, Ak, and intermolecular spacing in
the crystal, d. The change in this value is consistent with
the change in the power, x, in the sense that larger value
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Fig. 16. (a) 7qy determined by TMDSC at the underlying heating of
0.8 K min~" under helium purge gas. (b) AT, determined from the results
of CDSC-HF shown in Figs. 9b and 14 for 8 =0.8K min~". (c)
(01dAh;)}€%, determined from Ty and AT, with Egs. (31), (34) and
(35). The values are plotted aainst the power x. The symbols represent
the results for LDPE (lower peak, O), LDPE (higher peak, A), PE (O),
iPP (V), PET (+), and PCL ( X).

corresponds to larger x (and y) indicating stronger depen-
dence on AT, of melting rate with higher activation of
nucleation. It is empirically known from Thomas—Staveley
relationship [38] that the ratio, o/(dAhy), is about 0.1-0.15
for the crystal nucleation from the melt of polymers [39,40].
If we assume a typical lamellar thickness of £ = 10 nm, the
ratio calculated from the results for PCL, PET and iPP is
about 0.01, and becomes much smaller for PE and LDPE;
because we take the square root of £ in Fig. 16¢, the results
are not strongly influenced by the choice of the value of £.
The smaller value of this ratio may indicate the roughening
of the crystal-melt interface in the temperature range of
melting. It is also noted that weaker dependence with less
activation barrier for polyethylene and iPP seems to be
related with the high mobility of polymer chains in the
crystalline state, which is characterized by the existence
of crystal dispersion observed by various relaxation
phenomena [41]. The high mobility will promote a large-
scale reorganization of chains to have a homogenization of
melting points of stems, which may make it possible to
complete the melting from the corners of crystals without
nucleation process. Further studies will be certainly required
to clarify the mechanism of the melting process with other
means of experimental examinations.

In the final part of discussion, it will be worth mentioning
about the merits and demerits of those two methods of
examining heating rate dependence with CDSC-HF (7.)
and frequency dependence with TMDSC (7ry). (1)
Concerned with the information about the kinetics at the

peak temperature, both methods can provide essentially
identical information, as we have confirmed in the above.
However, TMDSC will be better in its ability to analyze the
kinetics in the whole transition range to see the frequency
dependence at the respective temperatures. In order to do
the same analysis with CDSC-HF, the deconvolution of the
distribution of melting points, ¢o(7y;), in Eq. (21) will not
be straightforward; with TMDSC the deconvolution is
related with the condition of (quasi-)steady state and can
be inessential for the modulation period short enough
compared with the width of melting peak. (2) Periodic
modulation in driving force with TMDSC has an essential
limitation in the range of applicable heating rate because the
response must be in a (quasi-)steady state for the Fourier
analysis. It means that the period of modulation must be
short enough compared with the residence time in the tran-
sition region with underlying heating; this condition cannot
be satisfied with faster heating rate. (3) If recrystallization
and/or reorganization are active, heating rate applicable
with CDSC-HF is limited only to fast heating in order to
avoid those processes. With TMDSC, it is known that those
processes are not sensitive to temperature modulation
[10—-15], and hence we can apply slower underlying heating
rate. (4) For stronger dependence of R on AT with increasing
y, it is more difficult to determine the power, z, from the
fitting such as shown in Figs. 9a and 13 by CDSC-HF,
because z approaches to zero with increasing y. On the
other hand, with TMDSC the power, x, of 7p\ increases
with y, and hence the determination is easier than that of
CDSC-HF. (5) For the application of the present calibration
in CDSC-HF, the stability of the baseline of the temperature
at the monitoring station is essential, and hence the calibra-
tion of much broader heat flow peak (=30 K) will not be
practical. With TMDSC, the stability is not essential
because TMDSC uses the modulation components in
temperatures. (6) In order to apply the analysis to evaluate
the interfacial free energy, we need to know the transition
point, Tspeak(O), which is available only with CDSC-HF from
Eq. (23) by the fitting such as shown in Figs. 9a and 13. In
this sense, TMDSC cannot be independent of the applica-
tion of CDSC-HF. After those considerations, it will be
concluded that the combination of those methods will be
most favorable. It should also be noted that the determina-
tion of 77°**(0) in Eq. (23) with the fitting in Figs. 9a and 13
will be essential in the application of Gibbs—Thomson rela-
tionship expressed in Eq. (29) and of Hoffman—Weeks [42]
plot of TP vs. crystallization temperature to determine the
true melting point, Ty, by extrapolation. If the heating rate
dependent 7P***(B) is utilized in the analysis, the resultant
Ty will be inevitably influenced by the effect of superheat-
ing in the melting kinetics, and hence will be overestimated.

6. Conclusions

We have modeled the transition kinetics of melting in
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polymer crystallites with a rate coefficient in proportion to
the yth power of AT and introduced two characteristic times
of 7. and 7q\ to characterize the melting kinetics at the peak
temperature in terms of the degree of superheating obtained
with CDSC and the frequency dependence of the apparent
heat capacity obtained with TMDSC, respectively. From the
heating rate dependence of those characteristic times, the
dependence on AT of the melting rate coefficient has been
determined. The superheating dependence represented by
the power, y, showed nearly linear dependence for LDPE
(y = L.5 and 2.0) and PE (y = 1.7) and non-linear depen-
dence for iPP (y = 3.3), PET (y = 5.7) and PCL (y = 7.3).
The linear dependence indicates the kinetics controlled by
heat diffusion or by surface kinetics on rough interface. The
non-linear dependence approaches to the limiting case of
exponential dependence expected for nucleation-controlled
kinetics of melting. We have proposed a possible nucleation
mechanism of melting in polymer crystallites, in which the
stability of each crystalline stem is expected to vary because
of the variation of chain folding with large fraction of
non-adjacent reentry.

Concerned with the nucleation mechanism, the interfacial
free energy with a cylindrical nucleus has been evaluated
from 7py. The change in the obtained values is consistent
with the change in the power, y; namely the interfacial free
energy is lower for the polymers of smaller power, y, which
indicates less activation of nucleation barrier. The obtained
value scaled by the heat of fusion, o7/(dAh;), is much smaller
than expected with Thomas—Staveley relationship and
indicates the roughening of the interface. The behaviors
will be related with the nature of polymer molecules in
the crystalline state near the melting point and will need
further investigation by other experimental means.

For the detailed analysis with CDSC-HF, we have applied
a calibration method which is essentially the same as the one
Danley and Caulfield [27] originally proposed. The method
utilizes the deconvolution of instrumental effect on the basis
of the Mraw’s model with the instrumental coefficients
pre-determined by the melting of indium.
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